In this paper, we discuss the dissociative electron attachment process in Methane. Kinetic energy and angular distributions of H -and CH -2 fragment anions across the broad resonance about 10 eV is reported. Angular distribution of H -ions changes from being perpendicular to forward-backward scattering across the resonance. Possibility of Jahn-Teller effect on excitation of the triply degenerate 1 t 2 molecular orbital is inferred.
I. INTRODUCTION
Methane is another important molecule with its ubiquitous presence in planetary atmospheres, interstellar medium and many industrial applications. It is also crucial for applications involving plasma deposition of diamond like carbon films, diamond films and preparation of carbon nanotubes apart from its role in edge plasmas for fusion devices [1] . While there exist electron impact, VUV absorption and photo-dissociation studies, there isn't a single report on dissociation dynamics due to low energy electron attachment. In one of the earliest experiments, Smith [2] reported observing H -, C -, CH -and CH -2 anion fragments formed by impact of 50 eV electrons on methane. In 1963, Trepka and Neuert [3] identified the negative ions resulting from DEA to methane to be H -and CH -2 and obtained their ion yield curves. The only absolute cross section data are the total ion measurements by Sharp and Dowell [4] .
Only recently, the first ever measurements on absolute partial cross sections for the formation of H -and CH -2 from methane have been made by our lab recently [5] . Methane has a broad resonance peak centered at around 10 eV in the H -channel, whereas the cross section for the heavier anion fragment of CH -2 has a relatively narrow peak centered at 10.5 eV (see Figure  1) . The cross sections for the CH -2 channel are an order of magnitude smaller than those for the H -channel [5] . The details of the kinetic energy and angular distribution measurements are given below. [6, 7] are known to consist of two distinct bands centered at 78200 cm −1 (9.7 eV) and 83600 cm −1 (10.4 eV) due to 1 t 2 to 3s Rydberg excitation. The spectrum of methane is mostly smooth devoid of any sharp bands/structures. This is due to the high symmetry of methane, which leads to complicated Jahn-Teller effects and due to the lack of lone pair orbitals in the molecule. However, the photoelectron spectrum shows distinct structures while retaining similar envelope as the optical spectra. CH + 4 ion is found to have the lowest energy with D 2d and C 3v symmetry at the two bands. It is seen that the minimum energy geometry is reached by compressing the tetrahedron along an H-C-H bisector, tending to flatten the molecule (via e vibrations). At the minimum, the H-C-H angles are 94.78
• and 146.44
• with the CH distances larger than 0.01 A larger than in the ground state [6] .
III. RESULTS AND DISCUSSION
The velocity images of H -ions across the resonance are shown in Figure 2 at incident electron energies 8, 9, 10, 11 and 12 eV respectively. Figure 3 shows the velocity images of CH -2 fragment at 9.5, 10.5 and 11.5 eV respectively. From the images in Figure 2 , it is seen that the scattering behaviour of H -ions changes with increase in electron energy. At energies lower than 10 eV, we see an outer ring with maximum intensity in perpendicular direction to the electron beam and an unresolved inner structure. The outer ring fades away with increase in electron energy while the inner structure increases in intensity and evolves into a distinct pattern. These structures indicate the presence of more than one dissociation limit. Figure 3 shows the images of the heavier anion fragment, CH -2 . These are seen to have very little kinetic energy.
To find out the dissociation channels leading to the formation of H -, we look at the kinetic energy distribution (Figure 4 ) of H -ions shown in the velocity images above. As expected, the two structures seen in the images yield two structures in the kinetic energy distribution -first one, between 0 to 2 eV and the second one between 2 to 4.5 eV with a peak at 3 eV.
The various dissociation channels due to electron attachment to methane are listed below along with their appearance energy.
Amongst the channels mentioned in Table I , only the first channel can give rise to H -ions approximately 4 eV, which is what we observe. At 9 and 10 eV, the maximum KE estimated are 4.9 and 5.9 eV, however we don't see the KE distribution extending beyond 4.5 eV. This indicates that the excess energy goes into internal excitation of the CH 3 fragment. Thus, the structure in the KE spectra between 2 to 4.5 eV is attributed to the H -+ CH 3 (threshold: 3.75 eV) channel with high internal excitation of the CH 3 fragment.
The structure between 0 and 2 eV becomes prominent at electron energies above 10 eV with a clearer angular distribution pattern. The possible channels that could give rise to H -ions 
IV. ANGULAR CURVES FOR T D POINT GROUP
Methane is a highly symmetric molecule with a tetrahedral geometry (T d group) and has 24 invariant operations i.e. Identity, rotations by ±120
• about 8 C 3 axes, rotations by 180 
bond angle of 109.5
• and for partial waves upto l=3. We see that there is no basis function for A 2 state available using spherical harmonics upto l=3.
V. ANGULAR DISTRIBUTIONS OF H -IONS
From the velocity images of H -, two distinct structures are seen; outer ring corresponding to the formation of CH 3 radical in its electronic ground state and the inner ring corresponding to a three body fragmentation channel as deduced from the KE distribution. Figure 6 plots the angular distribution of H -ion in these two structures. The inner ring distribution contains ions from 0 to about 2 eV and the outer ring distribution contains ions above 2 eV. The outer ring has a broad peak about 90
• direction with sufficient intensity in the forward-backward angles.
The inner ring has a forward-backward scattering distribution with a broad valley about 90
• .
At 12 eV, the backward angle becomes more intense than other angles.
The presence of two dissociation limits with different angular distribution as a function of electron energy suggests two closely spaced resonances seen as one broad resonance structure as in Figure 1 . This leads us to the question of identifying the parent electronic states of the observed CH -* 4
resonance. Looking at the hierarchy of molecular orbitals in the neutral CH 4 , the highest occupied molecular orbital (HOMO) is a triply degenerate 1 t 2 orbital and the next vacant orbital is 3 a 1 . Presence of the triply degenerate orbital is known to cause Jahn-Teller distortion. The Jahn-Teller theorem states that any non-linear molecule with a degenerate electronic ground state will undergo a geometrical distortion that removes the degeneracy, because the distortion lowers the overall energy of the complex. Thus, electronic excitation of the triply degenerate 1 t 2 orbital lowers the symmetry of the molecule and splits the t 2 orbital into three non-degenerate states. The two dissociation limits may arise from non-degenerate orbitals of two different symmetries split up following the excitation of the triply degenerate t 2 orbital under T d group.
It could be the case that the second resonance is caused by the excitation of the penultimate HOMO-1 molecular orbital (2 a 1 ). However, VUV absorption studies and ab initio calculations [14, 15] have shown that the broad absorption feature from 9 to 12 eV is due to transition to a single triply degenerate excited state and has no 2 a 1 contribution. Thus, in all likelihood the broad resonance structure of CH -* 4 in our DEA experiment comes from the excitation of the degenerate 1 t 2 orbital only. the data. Since, the electronic symmetry is lowered following the excitation of the triply degenerate 1 t 2 orbital, T 2 symmetry alone may not account entirely for the observed angular distribution.
We fit the angular distribution of H -ions with maximum KE (above 4 eV) arising from the two-body H -+ CH 3 breakup channel with T 2 symmetry functions involving lowest allowed p and d partial waves (see Figure 8) . The fits show a reasonably agreement with a broad peak about 80
• with non zero intensities at the forward and backward. Thus, the highest KE H -ions have a dissociation pattern closely determined by the T 2 symmetry under the T d geometry.
The p and d partial waves are found to in the ratio 1:0.6 with zero phase difference in the fits.
However, a perfect agreement with the T 2 fit is not seen as the highly symmetric T d geometry is lowered upon the excitation of the triply degenerate t 2 orbital.
For the H -ions with KE below 2 eV arising from a three body breakup having forwardbackward angular distribution, the dissociating CH bond is either parallel or antiparallel to the electron beam. Drawing analogy with the photodissociation and photoelectron experiments, the dissociation could occur via one of the states within D 2d or C 3v geometry. Using WignerWitmer rules, the T 2 state of methane (under T d group) when resolved into species of lower symmetry maps to B 2 or E symmetry within D 2d group and A 1 or E symmetry with C 3v group.
The inference of the molecular geometry and the bond orientations at the instant of dissociation is complicated by the presence of 4 equivalent CH bonds and the high symmetry of the molecule thereby giving rise to many possibilities. Detailed calculations of the multidimensional potential energy surfaces for the ground and excited states of CH 4 are needed to ascertain that the correlation between the dissociation channels and the parent geometries. 
